Unraveling the complex structure and functioning of microbial communities is essential to accurately predict the impact of perturbations and/or environmental changes. From all molecular tools available today to resolve the dynamics of microbial communities, metaproteomics stands out, allowing the establishment of phenotype-genotype linkages.
Ultra-15 filter unit (Millipore) for protein concentration. Proteins were precipitated with cold acetone overnight at −80 °C, with an acetone/aqueous protein solution ratio of 4:1. Total protein concentration was determined by a Bradford assay, according to the Bio-Rad Protein Assay kit (Bio-Rad, Hertfordshire, UK) according to manufacturer's instructions, with bovine γ-globulin as a protein standard. Protein samples were reduced with 25 mM dithiothreitol (DTT) at 56 °C for 30 min and alkylated with 50 mM iodoacetamide at room temperature for 30 min. For gel-free liquid chromatography tandem mass spectrometry analysis, a trypsic digestion (sequencing grade modified trypsin, Promega) was performed overnight at 37 °C, with an enzyme/substrate ratio of 1:25.
Gel-based proteomics approach
Protein isolates diluted in Laemmli buffer (2 % SDS, 10 % glycerol, 5 % βmercaptoethanol, 0.002 % bromophenol blue and 0.125 M Tris-HCl, pH 6.8) and sonicated in a water bath six times for 1 min at room temperature. After 1 min incubation at 90 °C, the protein solutions were centrifuged at 13 000 rpm at room temperature for 15 min. The SDS-PAGE of the protein mixtures was conducted using 4-20 % precast polyacrylamide mini-gels (Pierce). The protein bands were visualized with staining using the Imperial Protein Stain (Thermo) according to the manufacturer's instructions. The corresponding gel lane containing proteins was cut in 17 pieces of 1 mm each. Enzymatic digestion was performed by the addition of 10 µL modified sequencing grade trypsin (0.02 mg/mL) in 25 mM NH4HCO3 to each gel piece. The samples were placed for 15 min at 4 °C and incubated overnight at 37 °C. The reaction was stopped with 1 µL 5 % (v/v) formic acid. Tryptic peptides were analyzed by liquid chromatography tandem mass spectrometry.
Liquid chromatography tandem mass spectrometry analysis
Purified peptides from digested protein samples from gel-free and gel-based proteomics were identified using a label-free strategy on an UHPLC-HRMS platform composed of an eksigent 2D liquid chromatograph and an AB SCIEX Triple TOF 5 600. Peptides were separated on a 25 cm C18 column (Acclaim pepmap 100, 3 μm, Dionex) by a linear acetonitrile (ACN) gradient [5-35 % (v/v), in 15 or 120 min] in water containing 0.1 % (v/v) formic acid at a flow rate of 300 nL min-1. Mass spectra (MS) were acquired across 400-1,500 m/z in highresolution mode (resolution > 35 000) with 500 ms accumulation time. Six microliters of each fraction were loaded onto a pre-column (C18 Trap, 300 µm i.d.×5 mm, Dionex) using the ultrascan, absolute threshold: 75 000, relative threshold: 1 %, excluded after spectrum count: 1, exclusion duration: 0.3 min, averaged spectra: 5, and ICC target: 200 000. Gel-based and gel-free metaproteomic data were submitted to iProx [39] (Project ID: IPX0001684000). Three DBs were created using the same metagenome (Project number: ERP009703, Ocean Sampling Day 2014, sample: OSD14_2014_06_2m_NPL022, run ID: ERR771073) and
Databases creation and protein identification
were generated with mPies v 0.9, our recently in house developed mPies program freely available at https://github.com/johanneswerner/mPies/ (Additional file 4) [34] . The three DBs were: (i) a non-assembled metagenome-derived DB (NAM-DB), (ii) an assembled metagenome-derived DB (AM-DB) and (iii) a taxonomy-derived DB (TAX-DB) ( Table 1) .
Briefly, mPies first trimmed sequencing raw reads with Trimmomatic [40] . For NAM-DB, mPies directly predicted genes from trimmed sequencing reads with FragGeneScan [41] . For AM-DB, mPies first assembled trimmed sequencing reads into contigs using metaSPAdes [42] and subsequently called genes with Prodigal [43] . For TAX-DB, mPies used SingleM [44] to predict operational taxonomic units from the trimmed sequencing reads and retrieved all the taxon IDs at genus level. All available proteomes for each taxon ID were subsequently downloaded from UniProtKB/TrEMBL. Duplicated protein sequences were removed with CD-HIT [45] from each DB.
Gel-based and gel-free MS/MS spectra were individually searched twice against the DBs. In the first-round search, full size NAM-DB, AM-DB and TAX-DB were used (Table 1 ).
In the second-round search, each DB was restricted to the protein sequences identified in the first-round search. For both gel-free and gel-based approaches, the second round NAM-DB, AM-DB and TAX-DB were merged and redundant protein sequences were removed, leading to two combined DBs (Comb-DBs), subsequently searched against gel-based and gel-free MS/MS spectra. Consequently, a total of 8 metaproteomes obtained from four DBs: NAM-DB, AM-DB, TAX-DB and Comb-DB were analyzed in this paper. A FDR threshold of 1%, calculated at the protein level was used for each protein searches. Proteins identified with one single peptide were validated by manual inspection of the MS/MS spectra, ensuring that a series of at least five consecutive sequence-specific b-and y-type ions was observed.
Protein annotation
Identified proteins were annotated using mPies. For taxonomic and functional annotation, mPies used Diamonds [46] to align each identified protein sequences against the non-redundant NCBI DB and the UniProt DB (Swiss-Prot) respectively and retrieved up to 20 best hits based on alignment score. For taxonomic annotation, mPies returned the last common ancestor (LCA) among the best hits via MEGAN (bit score >80) [35] . For functional annotation, mPies returned the most frequent protein name, with a consensus tolerance threshold above 80% of similarity amongst the 20 best blast hits. Proteins annotated with a score below this threshold were manually validated. Manual validation was straightforward as the main reasons leading to low annotation score were often explained by the characterization from the gel-based approach. TAX-DB led to the characterization of many proteins from the following taxa: Pseudomonadales, Rhizobiales and Sphingomonadales. These taxa were either absent or rarely represented in NAM-DB or AM-DB. As stated above, TAX-DB provided the highest number of proteins successfully annotated, explaining the more diverse distribution obtained using this DB. Interestingly, the taxonomic distributions obtained with Comb-DB were found to be a good compromise between TAX-DB, NAM-DB and AM-DB (Figure 2a ).
Striking discrepancies in taxonomic diversity was observed between metaproteomes. As shown in the Venn diagrams provided in Figure 2b , only one quarter out of the 34 and 41 unique orders observed in gel-based and gel-free approaches respectively, was common to all DBs.
Around 40 and 30% of unique orders were exclusively characterized in TAX-DB and Comb-DB in gel-based and gel-free approaches respectively, demonstrating the great performance of those DBs at extracting the broadest diversity.
Proteomics workflow and protein search DB affect functional identification
The total number of proteins, for which a functional consensus annotation was found, decreased with the following order: TAX-DB (gel-based: 66 %, gel-free: 77 %) > AM-DB (gel-based: 61 %, gel-free: 54 %) > NAM-DB (gel-based: 50 %, gel-free: 54 %) ( Figure 1 , Table S2 ). Using Comb-DBs, 59 and 67% of functional annotation were observed in gel-based and gel-free approach respectively. In all metaproteomes, the 60 kDa chaperonin was found to be the most abundant protein (Figure 3a Protein fractionation (gel-based versus gel-free) was found to affect both qualitatively and quantitatively the functional distribution as shown in Figure 3 . The gel-free approach provided the greatest diversity of protein functions in comparison to the gel-based approach (Figure 3a) . Only 16 and 20% of the protein functions were found to be common in all DBs from the gel-based and gel-free approaches respectively (Figure 3b ). In the gel-based approach, three main functions namely the elongation factor protein, the amino-acid ABC transporterbinding protein, and the ATP synthase were observed in all DBs (Figure 3a) . In contrast, in the gel-free approach, a higher number of abundant proteins was observed, including: 50S ribosomal proteins, elongation factor protein, ATP synthase, DNA-binding protein, amino-acid ABC transporter-binding protein, 10 kDa chaperonin and the chaperone protein DnaK ( Figure   3a ). In both proteomics approaches, each individual DB allowed the characterization of a significant number of unique protein functions (Figure 3b ). Comb-DB proved to be effective at merging the results obtained from each individual DB, leading to the highest number of identified functions.
Metaproteomic workflow alters biological interpretation
All proteins accurately annotated at both taxonomic (order rank) and functional levels were clustered and visualized into heatmaps for each DB (Figures 4) . Interestingly, in 5 out of 6 heatmaps derived from NAM-DB, AM-DB and TAX-DB, Pelagibacterales was found to be a taxonomic cluster that stood out from all other taxa comprising of Rhodobacterales,
Rhizobiales, Pseudomonadales, Oceanospirillales, Cellvibrionales, Flavobacteriales or
Synechococcales. An exception was observed for TAX-DB in the gel-based approach where The detection of amino-acid/peptide transporters, together with other proteins involved in nitrogen metabolism (i.e. glutamate and glutamine synthase or nitrogen regulatory protein PII), strengthened the nitrogen-depleted habitat hypothesis and suggested that a wide range of bacteria were metabolically adapted to survive under nitrogen depletion [58, 59] . Surprisingly, only 3 of the 14 proteins involved in nitrogen metabolism were observed in the gel-based approach, emphasizing how protein fractionation could alter the understanding of nitrogen cycle.
The detection of proteins involved in light-harvesting, photosynthesis and oxidative stress response was found to be particularly dependent of the workflow ( Figure 5) . A total of 16 of the 26 proteins were characterized in only one metaproteome, showing that a robust experimental design using multiple methodologies will improve the understanding of the microbial light response. Indeed, combining the information found in all metaproteomes helped at depicting the variety of pigments belonging to photoautotrophs or photoheterotrophs [60] .
The characterization of the carbon dioxide-concentrating mechanism protein Ccmk together with the ribulose bisphosphate carboxylase (RuBisCO) informed on how primary producers, such as Synechococcales and Rhodobacterales overcome inorganic carbon limitation [47, 61] .
Overall, several oxidative stress-related proteins and numerous chaperonin proteins were identified in all metaproteomes, suggesting the adaptability of the microbial community to cope with oxidative stress. As a reminder, surface water samples were collected in summer at the surface of the Mediterranean Sea, where high solar irradiance was encountered. Chaperones are essential for coping with UV-induced protein damage and maintaining proper protein function [62] . Consequently, those metaproteomics results suggest that strategies used by microorganisms to cope with high solar radiation could be similar to the ones extensively described in axenic cultures using microcosms experiments [62, 63] .
Conclusion
Metaproteomics enables to progress beyond a mere descriptive analysis of microbial community diversity and structure, providing specific details on which bacteria, and which pathways of those key players, are impacted by possible perturbations. Nevertheless, using this powerful tool without fully apprehending the limitations could lead to significant misinterpretations, especially in the case of comparative metaproteomic studies. This study clearly evidenced the implications of critical decisions in metaproteomic workflow. Our findings lead to the general recommendation of diversifying when possible the protein search database as well as protein fractionation, especially if only one condition/ecosystem was studied. A robust diversified workflow allows crossing information from multiple metaproteomes in order to accurately describe the functioning of microbial communities. In a comparative metaproteomic study however, the best compromise relies on the creation of a combined DB. Our findings will undoubtedly serve future studies aiming at reliably capturing how microorganisms operate in their environment. carbonylated proteins in the UVB-resistant marine bacterium, Photobacterium angustum S14. PloS one. 2013;8(7):e68112. 
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